Malaria is a major public health problem in tropical and subtropical countries, including India. This study elucidates the cause of chloroquine treatment failure (for Plasmodium falciparum infection) before the introduction of artemisinin combination therapy. One hundred twenty-six patients were randomized to chloroquine treatment, and the therapeutic efficacy was monitored from days 1 to 28. An in vitro susceptibility test was performed with all isolates. Parasitic DNA was isolated, followed by PCR and restriction digestion of different codons of the pfcrt gene (codons 72 to 76) and the pfmdr1 gene (N86Y, Y184F, S1034C, N1042D, and D1246Y). Finally, sequencing was done to confirm the mutations. Forty-three (34.13%) early treatment failure cases and 16 (12.69%) late treatment failure cases were observed after chloroquine treatment. In vitro chloroquine resistance was found in 103 isolates (81.75%). Twenty-six (60.47%) early treatment failure cases and 6 (37.5%) late treatment failure cases were associated with the CVMNK-YYSNY allele (the underlined amino acids are those that were mutated). Moreover, the CVIEK-YYSNY allele was found in 8 early treatment failure (18.60%) and 2 late treatment failure (12.5%) cases. The presence of the wild-type pfcrt (CVMNK) and pfmdr1 (YYSNY) double mutant allele in chloroquine-nonresponsive cases was quite uncommon. In vivo chloroquine treatment failure and in vitro chloroquine resistance were strongly correlated with the CVMNK-YYSNY and CVIEK-YYSNY haplotypes (P < 0.01).
T
he emergence and subsequent spread of chloroquine (CQ)-resistant Plasmodium falciparum in areas that are endemic for malaria are the greatest challenges to malaria control programs (1) . Knowledge about the molecular mechanisms of drug-resistant malaria is most important for designing new drugs and providing molecular markers to monitor drug activity and its efficacy in treatment (2) . Some definite mutations in parasitic proteins and enzymes allow the parasite to survive under high drug pressure conditions. The selected parasite populations with these mutations proliferate in the environment. Indeed, these mutations can be used as molecular markers to detect the drug-resistant parasite (3) (4) (5) (6) . It is suggested that the substitution of lysine to threonine (K76T) at codon 76 of the pfcrt gene is associated with in vivo and in vitro CQ resistance in Africa, South America, and Southeast Asia (7, 8) . Now, it has been proven with precision that the entire 72 to 76 amino acid residues (haplotypes) play a key role in chloroquine resistance (9) . The pfmdr1 gene, located on chromosome 5 containing P-glycoprotein homologue 1 (Pgh 1), has been implicated in making the parasite less susceptible to CQ and other antimalarials (9) (10) (11) . Studies conducted in different geographical areas of the world have suggested that the point mutation of tyrosine at codon 86 (N86Y) is related to CQ resistance (10, (12) (13) (14) (15) . Several other pfmdr1 polymorphisms at 184F, 1034C, 1042D, and 1246Y are being implicated in altering the degree of CQ resistance (12, 13) . In India, 86Y and 184F are commonly observed pfmdr1 mutant alleles with high in vitro 50% inhibitory concentrations (IC 50 s) for CQ (9, 16) . In some parts of the world, CQ resistance occurs due to polymorphisms in both the pfcrt and pfmdr1 genes (17) . In India, in vivo CQ treatment failure and in vitro CQ resistance are solely linked with pfcrt 76T mutations but not in the pfmdr1 gene (18) (19) (20) .
Jangalmahal is one of the zones in eastern India that is endemic for malaria, where transmission intensity is high (21) . CQ has been used here for Ͼ6 decades against P. falciparum malaria. The present study was designed to evaluate the molecular basis of CQ resistance in this part of India just before the launch of a new national drug policy, i.e., artemisinin combination therapy (ACT). In this study, the presence of the wild-type pfcrt (CVMNK) and pfmdr1 double mutant (YYSNY) alleles in CQ-nonresponsive cases was reported for the first time in India. A large number of the early treatment failure and late treatment failure cases were associated with these CVMNK-YYSNY and CVIEK-YYSNY alleles. This finding was new in the field of malarial epidemiology in eastern India.
MATERIALS AND METHODS
Study site. This study was conducted from March 2008 to June 2009 in the Jangalmahal area of eastern India. It is one of the largest hilltop forest areas situated on the border of three states: West Bengal, Orissa, and Jharkhand. This rural forest area is one of the largest zones endemic for malaria in eastern India. The experimental design and protocol of this study were duly approved by the Vidyasagar University Ethical Committee.
Assessment of clonality in clinical isolates. Clonality was defined as the highest number of alleles detected in either of the two loci and was used to classify isolates as monoclonal or polyclonal and to distinguish recrudescence from new infection for all patients failing therapy after day 7. The clonality of an infection was estimated by using an allelic familyspecific nested-PCR, as described previously (22) . All PCR amplifications contained both positive controls (genomic DNA from P. falciparum strains Dd2 and 3D7) and a negative control (no target DNA).
Patients and in vivo study. Patients suffering from fever with headache, shivering, and vomiting tendency during the previous 24 h were sent for an evaluation of possible malaria diagnosis. Five milliliters of intravenous blood was collected from each of 171 patients using EDTA-coated Vacutainer tubes. The aliquots were stored at Ϫ20°C for further molecular analysis. The identification of P. falciparum monoinfection was based on the microscopic examination of Giemsa-stained thin and thick blood smears, as well as rapid diagnostic tests to detect Plasmodium-specific lactate dehydrogenase (OptiMAL-DT; Biomed, Indonesia). Finally, patients with malaria infection with a parasite density of 1,000 to 100,000 asexual parasites/l blood and no recent history of self-medication with antimalarial drugs (according to the expressed verbal concern of the patients) were randomized to CQ treatment, as it was the first-line drug treatment against uncomplicated malaria in India during 2008 and early 2009 (23) . The patients with signs and symptoms of severe complicated malaria and age of Ͻ1 year were excluded (24) . Informed consent was taken from the patients, and the consent of the guardian was taken for child patients. The patients carrying P. falciparum infections were treated with 10 mg/kg of body weight CQ on days 1 and 2 and 5 mg/kg of body weight CQ on day 3. The clinical conditions and parasite densities were monitored on days 0, 1, 2, 3, 7, 14, 21, and 28. The therapeutic responses were classified as adequate clinical and parasitological response (ACPR), early treatment failure (ETF), late treatment failure (LTF), and late parasitological failure (LPF), according to the criteria adopted by the WHO. The patients who did not respond to CQ treatment were treated with ACT (artesunate plus sulfadoxine-pyrimethamine).
Separation of red blood cells. Red blood cells (RBC) were separated using a Histopaque-1077 density gradient, followed by centrifugation at 350 ϫ g for 45 min at 4°C. An aliquot of 3 to 4 ml of red blood cell pellet was found. Finally, RBC were washed with folate and p-aminobenzoic acid-free RPMI 1640 medium three times, as described previously (25) .
In vitro drug sensitivity assay. An in vitro drug sensitivity assay was performed with the clinical isolates, as described previously (26) . P. falciparum isolates were grown and maintained through culture, using some modifications of the method of Trager and Jensen (27) . The clinical isolates with a parasite density of Ն0.1% were suspended in the complete folate and p-aminobenzoic acid-free RPMI 1640 medium consisting of 0.5 g% AlbuMAX II, 25 mM HEPES, 25 mM NaHCO 3 , 25 g/ml gentamicin, and 0.25% hypoxanthine at a hematocrit of 1.5%. If required, a dilution was done by adding uninfected O ϩ erythrocytes to obtain a parasite density of 0.5% and 1.5% hematocrit.
The IC 50 s were routinely checked on fresh isolates after culture adaptation as a part of the surveillance of the antimalarial susceptibility test. Before CQ treatment, a synchronized parasite culture was maintained over three life cycles. RPMI 1640 was used to prepare stock solutions and dilutions of CQ ranging from 6 nM to 3,072 nM. Two hundred microliters per well of parasitized erythrocyte suspensions was distributed in 96-well tissue culture plates. Twenty-five microliters of each concentration of the drug was distributed in each well. Three drug-free wells were used as controls for each 96-well plate. Each concentration was studied in duplicate or triplicate. The plates were incubated for 48 h at 37°C in an atmosphere of 5% CO 2 and a relative humidity of 95%. The IC 50 was defined as the drug concentration corresponding to 50% of hypoxanthine uptake by the parasites in the drug-free control wells, determined by probit/logit regression analysis. The CQ-sensitive 3D7 and CQ-resistant Dd2 strains were used as controls.
DNA extraction, PCR amplification, and restriction digestion. Parasite DNA was extracted from 2 ml of infected blood using the phenolchloroform extraction method, as described before (26) . DNA was quantified by 1.2% agarose gel electrophoresis, and the purity of DNA was checked spectrophotometrically by calculating the A 260 /A 280 ratio.
Primers were designed on the basis of the complete P. falciparum Dd2/ Indochina strain sequence (GenBank accession no. AF030694 for pfcrt and KJ690043.1 for pfmdr1) (26, 28) . Approximately 200 ng of genomic DNA, 15 pmol of primers, 1ϫ reaction buffer (10 mM Tris, 50 mM KCl [pH 8.4]), 2.5 mM MgCl 2 , 200 M deoxynucleoside triphosphates (dNTPs), and 1 unit of Taq DNA polymerase were used to prepare a 25-l reaction mixture (master mix). The PCR cycle conditions varied in the different genes. The detailed primer sequences and cycle conditions are presented in Table 1 . In the nest I reaction, the pfcrt gene was amplified by the 1F and 1R primer pair. The 2F and 2R primer pair was used to amplify the pfmdr1 gene, particularly codons 86 to 184. An additional nest reaction with 3F-3R was designed to amplify the entire codons 1034 to 1246 of the pfmdr1 gene.
In a multiplex reaction with the pfcrt gene, 2 l of amplified DNA from the 1F-1R primer pair was used as the template DNA for amplifying codons 72 to 76. In the pfmdr1 gene, 2 l of amplified DNA from the 2F-2R primer pair was added to each of 2 PCR mixtures, using the primer pair N86Y F and N86Y R to amplify the fragments containing 86N/Y, and Y184F F and Y184F R were used to detect 184Y/F. DNA amplification from the 3F-3R primer pair was added to each of 3 PCR mixtures to amplify codons 1034, 1042, and 1246 of the pfmdr1 gene.
The single nucleotide polymorphisms of the pfcrt and pfmdr1 genes at their specific codons were determined by enzymatic digestion of specific restriction enzymes, as described previously (14, 28) . ApoI, AflIII, DraI, DdeI, AsnI, and EcoRV (New England BioLabs) were used to identify the pfcrt codon K76 and pfmdr1 codons 86Y, 184F, 1034C, 1042D, and 1246Y, respectively. CQ-sensitive 3D7 and CQ-resistant Dd2 and 7G8 strains served as controls.
Sequencing of pfcrt and pfmdr1 genes. The amplicons were purified from the agarose gel using a gel extraction kit (Qiagen). From 50 to 200 ng of the gel-purified amplicon, sequencing reactions were carried out with an ABI Prism BigDye Terminator cycle sequencing ready reaction kit, which was run on a model 3730xl genetic analyzer (Applied Biosystems) (29) . The sequencing PCR was performed in a volume of 20 l with 1 l of Terminator ready reaction mix (TRR), 3.2 pmol of gene-specific primer, and 0.5ϫ sequencing buffer. Sequencing was carried out at the Indian Institute of Technology, Kharagpur (IIT, KGP), the National Institute for Cholera and Dysentery (NICED), and Chromus Biotech Company (Bangalore). The sequences were translated using the translation tool available online at the Expert Protein Analysis System proteomics server (http: //www.expasy.org). The amino acid sequences were compared with the wild-type amino acid sequences (AF030694 for pfcrt and KJ690043.1 for pfmdr1). The single nucleotide polymorphisms (SNP) were confirmed by reading both the forward and reverse strands.
Statistical analysis. Data are expressed as the univariate medians. Fisher's exact tests and the Mann-Whitney U test were used to study the relationships between IC 50 s and genotypes. The relationship between the in vivo and/or in vitro phenotype and the molecular genotypes was studied by Fisher's exact test and regression analysis. All analyses were done using a statistical package, Origin 6.1, and the GraphPad InStat software 3.0.
Nucleotide sequence accession numbers. The sequences described were submitted to GenBank under the accession numbers given in Table 2 .
RESULTS
Sensitivity of patients to chloroquine. Clinical data were available for 171 suspected cases of P. falciparum infection. One hundred twenty-six isolates (73.68%) out of 171 patients (age group, 1 to 78 years) were enrolled in this study, as they carried P. falciparum monoinfection. Monoclonal P. falciparum infection was confirmed after allelic family-specific nested-PCR. Twenty-eight (16.34%) patients were excluded, as they contained Plasmodium vivax infection. Another 11 (6.43%) patients were eliminated due to coinfection with P. vivax. Six (3.51%) patients had not completed the drug schedule. Thirty-three patients were found to be under the age of 5, and 19 patients were pregnant women. CQ treatment produced ACPR in 67 patients (53.17%). Depending on the parasite clearance time (median parasite clearance, 2 days; range, 1 to 3 days), early CQ treatment failure was detected in 43 patients (34.13%), whereas 16 patients (12.69%) were identified as LTF (median parasite clearance of day 9, 4 to 14 days) cases.
Assessment of clonality of infection. The multiplicity of infection was analyzed for a subset of 171 patients. The proportion of the monoclonal infections was very high. One hundred twenty-six isolates (73.68%) with a single allelic form were considered to have a monoclonal infection. These isolates were included in the study.
In vitro sensitivity to chloroquine. Table 3 ).
pfcrt and pfmdr1 genotypes. The pfcrt and pfmdr1 genes were amplified by PCR, followed by restriction digestion to detect each variant. We carefully examined the entire codons 72 to 76 of the pfcrt gene. The wild-type pfcrt (CVMNK) allele was found in 42 isolates (33.33%). The rare CVIEK haplotype was also found in 11 (8.73%) isolates. Mutations in 76T were found in 73 (54.76%) isolates. The SVMNT (31.75%) mutant haplotype was the most common pfcrt allele, followed by the CVMNT single mutant (23.02%) and CVIET triple mutant haplotype (Fig. 2) . We checked codons 86, 184, 1034, 1042, and 1246 of the pfmdr1 gene. Of the isolates, 30.16% carried the wild-type pfmdr1 haplotype (Fig. 2) . Interestingly, 11 different combinations of parasite haplotypes (Table 3) were found. Only 5 isolates (3.97%) contained the wildtype pfcrt and pfmdr1 (CVMNK-NYSND) haplotypes. The prevalence of wild-type pfcrt and double pfmdr1 mutations (CVMNK-YYSNY) was observed. Thirty-seven isolates (29.36%) presented with this CVMNK-YYSNY allele. The CVIEK-YYSNY haplotype was found in 11 isolates (8.73%). The SVMNT-NYSND and SVMNT-YYSND haplotypes were observed in 21 (16.67%) and 14 (11.24%) isolates, respectively. The CVMNT-NYSND and CVMNT-YYSND alleles were detected in 12 patients. Four isolates represented the CVIET-NFSND allele.
Sequencing of pfcrt and pfmdr1 genes. Sequencing of the pfcrt and pfmdr1 genes was carried out in all isolates, and it confirmed the restriction fragment length polymorphism (RFLP) results of the different codons of these two genes. Some isolates encoded a T mutation (ACA) instead of wild-type K (AAA) at codon 76 of the pfcrt gene, whereas 35 isolates encoded an S mutation (AGT) at codon 72. The mutations ATG to ATT and AAT to GAA were observed in codons 74 and 75, respectively, of the pfcrt gene, which ultimately encoded the I and E amino acid mutations, respectively. In the pfmdr1 gene, the prevalence of a Y mutation (TAT) was observed at codon 86 instead of the wild-type N (AAT). A large number of isolates also contained a Y mutation (TAT) at codon 1246 instead of the wild-type D (GAT) ( Table 2 ). The GenBank accession numbers of 5 different haplotypes of the pfcrt gene and the 4 different wild-type and mutant alleles (N86Y and D1246Y) of the pfmdr1 gene are presented in Table 2 . For checking true culture adaptation, we sequenced the parasite after culture adaptation; we found that the genotype of the culture-adapted line was identical to the genotype of the patient isolates.
pfcrt/pfmdr1 genotypes in relation to in vivo drug efficacy and in vitro susceptibility. All 5 wild-type CVMNK-NYSND haplotypes produced ACPR after CQ treatment. It was clear that the phenotype of in vivo CQ treatment efficacy was related to the (Table 3) . Six (37.5%) LTF cases were found to have the CVMNK-YYSNY haplotype, whereas the CVIEK-YYSNY haplotype was found in 2 LTF cases. Eight (50.00%) LTF cases were associated with a 76T mutation in the pfcrt gene. It was found that the SVMNT-NYSND and SVMNT-YYSND alleles represented 4 LTF and 2 LTF cases, respectively. The phenotype of in vitro CQ susceptibility was associated with both the pfmdr1 and pfcrt genotypes at positions 86 and 1246 for the pfmdr1 gene and codons 76 and 72 for the pfcrt gene, but not in codons 184, 1034, and 1042 of the pfmdr1 gene (CQ, P Ͻ 0.01 for pfmdr1 codons 86 and 1246, as well as pfcrt codons 76 and 72; P was not significant at the level of 0.05 for codons 184, 1034, and 1042) ( Table 3) . Isolates presenting the wild-type pfcrt and pfmdr1 (CVMNK-NYSND) alleles possessed low IC 50 s (median IC 50 , 16.00 nM) for CQ. Low IC 50 s were also found in the CVMNT-NYSND and CVMNT-NYSNY alleles. The CVMNK-YYSNY haplotype was associated with a very high IC 50 (median IC 50 , 188.00 nM) for CQ and were resistant to CQ (P Ͻ 0.01). Thirty-three isolates (89.19%) out of 37 CVMNK-YYSNY haplotypes were highly in vitro CQ resistant. The CVIEK-YYSNY allele also showed high IC 50 s (median IC 50 , 235.00 nM) for CQ. Out of 11 isolates with CVIEK-YYSNY, 10 isolates produced in vitro CQ resistance. The SVMNT-NYSND double mutant and the SVMNT-YYSND and SVMNT-NYSNY triple mutant haplotypes were found to have moderate to high IC 50 s for CQ. The isolates presenting with the CVIET-NFSND (median IC 50 , 302.00 nM) and CVMNT-YYSNY (median IC 50 , 306.00 nM) alleles showed very high IC 50 s for CQ ( Fig. 1 and 3) . It is clear from Fig. 3 that the commonly found CVMNK-YYSNY haplotype possessed a lower median IC 50 than did the control Dd2 strain, while the CVIEK-YYSNY allele had shown nearly identical IC 50 to that of the Dd2 strain. The CVMNT-YYSNY triple mutant and CVIET-NFSND quadruple mutant alleles produced very high IC 50 for CQ compared to that of the Dd2 strain. Molecular genotype and in vivo CQ treatment efficacy, as well as in vitro CQ resistance, were strongly correlated (r 2 ϭ 0.9991, P Ͻ 0.014).
DISCUSSION
The present work provides a comprehensive picture of antimalarial drug resistance in the Jangalmahal area of eastern India at a time that coincided with the implementation of a national drug policy. In 2009, the National Vector Borne Disease Control Program (NVBDCP) introduced ACT as a first-line option to treat all P. falciparum cases in India (30). This work involved in vivo CQ treatment efficacy, in vitro CQ susceptibility, and molecular genotyping of the pfcrt and pfmdr1 gene loci. Forty-three (34.13%) ETF and 16 (12.69%) LTF cases were found after CQ treatment, whereas 103 isolates (81.75%) were found to have CQ resistance in vitro. These high rates of in vivo CQ treatment failure and in vitro CQ resistance indicated the enormous CQ drug pressure in this parasite population, as Ͼ45% of the cases resulted in CQ treatment failure in vivo. Previous studies stated that the higher number of pfcrt mutations produced higher levels of CQ resistance. It was reported from northern India that P. falciparum isolates with the CVIETS genotype showed higher levels of in vitro CQ resistance than did the isolates with the SVMNTS or CVMNTS allele (9, 31) Similarly, we observed that the CVIET isolates possessed higher in vitro IC 50 s for CQ than did isolates of the SVMNT or CVMNT haplotype. An increase in the number of these haplotypes was an alarming sign against malaria control.
The YYSNY double mutant (40.48%) allele was most common after the YYSND single mutant allele. Mutations at 86Y and 1246Y of the pfmdr1 gene were prevalent, showing very high IC 50 s for CQ. This type of finding was quite uncommon in India, but it was previously found in Madagascar, where polymorphisms at codons 86, 184, and 1246 of pfmdr1 were prevalent (12) . The increase in pfmdr1 mutant alleles (86Y184Y1246D, 86Y184F1246D, and 86Y184F1246Y) and the low frequency of the pfcrt mutant genotype were related to CQ resistance in Madagascar. This might reflect the extensive use of antimalarial quinoline drugs, such as CQ and quinine (QU) (15) .
It was confirmed that 76T mutations were associated with in vitro CQ resistance and also played a crucial role in LTF, but these mutations might not cause early CQ treatment failure. Forty isolates represented the SVMNT allele. Four LTF cases were associated with the SVMNT-NYSND haplotype, while another 2 LTF cases were observed to have the SVMNT-YYSND haplotype. Twenty-nine isolates (23.02%) contained the CVMNT haplotype, of which 12 isolates represented the CVMNT-NYSND haplotype, with low to moderate IC 50 s for CQ and resulting in only 1 ETF and 1 LTF case. When this CVMNT allele was associated with the YYSND or YYSNY allele, it resulted in very high IC 50 s for CQ. This finding implies that 76T mutations alone might not result in (32) .
The correlation between the pfmdr1 genotypes and CQ resistance often generated conflicting results, although it was suggested that the pfmdr1 86Y mutation might have correlated with increased CQ resistance in different parts of the world (10, 12) . In India, field studies did not support these findings and the results of a P. falciparum genetic cross, which indicated that CQ resistance was not related to pfmdr1 gene mutations (19, 33) . It was reported that in vitro CQ resistance and in vivo CQ treatment failure in India were solely related to pfcrt mutations (20) . The substitution of lysine to threonine at codon 76 consistently was found in CQresistant P. falciparum isolates (34) . Therefore, it was proposed that the detection of a 76T mutation in the pfcrt gene might allow information to be provided on the CQ resistance status of the parasite. As pfmdr1 mutations were strongly related to CQ resistance in Jangalmahal, it seemed that the detection of a mutation in pfcrt 76T alone is not enough to predict the drug resistance scenario in this part of India.
The impact of the pfcrt-pfmdr1 combination mutation depended on the genetic background of the strain, as demonstrated by studies with genetically manipulated lines or recombinant progeny of experimental crosses (35) and the history of the use of antimalarial drugs (CQ and quinine [QU] were the two main drugs used in India). Additional factors contributing to the uncommon drug resistance situation in this region might be its geographical position and broad range of malarial epidemiological strata in which the three Plasmodium species are present.
Our present findings imply that the CVMNK-YYSNY and CVIEK-YYSNY haplotypes were highly correlated (P Ͻ 0.01) with in vitro CQ resistance and in vivo CQ treatment failure (P Ͻ 0.01), while mutations in 76T and 72S increased the degree of resistance, i.e., resulted in very high IC 50 s. This might be a localized parasite population, since the presence of both 86Y and 1246Y mutations in our samples were largely dependent on their CQ response, indicating that CQ appeared to exert a selective pressure in this area, which seemed to be unusual compared to previous findings from India (20) .
In conclusion, it seems that the clinical efficacy of CQ may rapidly wither away. Further studies are needed to obtain the fulllength sequences of the pfcrt and pfmdr1 genes in this interesting parasite population.
